Lifetime of wind turbine inverters is below expectations therefore, novel design and drive strategies are timely required to achieve optimum life span.
Introduction
In wind turbines, power electronic converters (PECs) switching devices e.g. insulated gate bipolar transistors (IGBTs) have earlier break down mechanisms [1] compared to the other elements. This is caused by thermo-mechanical effects or long-term exposure to high temperatures during variable mission profiles [2] under changing weather conditions. IGBT modules consist of different layers as shown in Fig. 1 , with different material properties. During its operation, temperature cycling generates stress within bonded materials which have different coefficient of thermal expansions (CTEs) [3] . This causes fatigue at regions such as bonding wire or solder; hence, degradations and eventual failures occur [4] .
According to Lu et al. [6] , almost 60% of failures are caused by temperature cycling. Two main failure mechanisms are solder fatigue and bond wire lift-off. Thermal resistance increment occurs due to the solder fatigue, and on-state voltage increment is commonly caused by the wire bond lift off [7] . Reconstruction of the aluminium metallization mostly initiates bond wire lift-off due to the plastic stress relaxation of the aluminium. During power cycling, it causes increment in the collector to emitter voltage which results in higher power losses and hence increases temperature profile of chips [8] . This expedites the bond wire lift-off due to the stress caused by thermal expansion between wire bond and the chip [9] . A sample view of the wire bond liftoff can be seen in Fig. 2 .
After an emitter wire lift off, the associated chip is no longer able to conduct the current; hence other bond wires are forced to conduct higher current. This also causes a continual lift off for the other wires as they may experience more current than they are capable of [9] . In order to detect such temperature induced failure occurring, accurate electro thermal modelling is essential. Proper thermal models with heat coupling effect analysis were considered in [10, 11] . These works studied a thermal impedance matrix that was convenient for thermal coupling effect estimations and most suitable way to represent actual heat path through the device. Drofenik et al. [12] expanded the study proposed in [10] from air cooled to a water cooled heat sink model for a power module. Total of 2% maximum temperature difference was observed when compared between FEM and infrared camera estimations. An experimental power cycling test proposed by Forest et al.
[13] studied for ageing of IGBT power modules by monitoring device temperature and on-state voltage for detecting possible wire bond degradation and emitter metallization for the test devices IGBT modules. The average lifetime of the devices varied between 550,000 to 660,000 cycles and degradations were observed for the wire bond. von Mises stress was studied for analysing strain distributions due to thermal expansion and it was estimated that the highest stress occurred at the centre upper solder and gate bond wire [14] . Recently, Medjahed et al. [15] studied electro thermal stress for wire bonds of IGBT module located the maximal value (10 MPa) at the tail of the wire, near heel area where main failure modes occur close to this specific region. Description of power cycling experiments using the Joule heating of the bond wires for finding failures are presented in [16] . Ozkol et al. [17] studied power cycling performance of IGBT modules by implementing wire bond layout of the emitter contact.
Deriving accurate reliability prediction models are challenging due to the several reasons discussed in introduction and thermo-mechanical modelling sections [18] ; hence, physics of failure approaches need to be investigated further by considering individual material properties and failure mechanisms of power module layer and interactions among themselves during power and thermal cycling. Xie et al. [19] proposed new failure models for power electronic converters used for wind turbines and confirmed that wind speeds and type of the generator have significant impacts on converter reliability performance [20, 21] . Kostandyan and Ma [22] used rainflow algorithm to estimate temperature means and temperature variations. Palmgren-Miner rule [23] was used to calculate accumulated damage and to estimate reliability. This rule was also considered for deriving a reliability estimation method for solder joints of an IGBT power electronic module in [24] .
Active thermal management systems are designed to regulate steady state and transient thermal-mechanical stress in power electronic modules of operation [25] . Andresen and Liserre [26] analysed the thermal cycles of the junction temperature in dependence of current and switching frequency and they derived a switching utilization method for an electrical vehicle. Zhou et al. [27] proposed a novel method for reliability improvement of a inverter system. IGBT chip temperature was decreased from 9°C to 0.5°C based on the proposed model by carrier frequency adjustment through experimental implementation. Batunlu et al. investigated the reliability and thermal stresses of converters under different maximum power points tracking algorithms [28] . Based on the studied literature review, the switching frequency adaption method has not been applied to an actual wind turbine system based PEC. There is still need for evaluation of this method for thermo-mechanical stress and reliability analysis. In this paper, actual wind turbine was used to critically asses these method by interfacing a DC/AC IGBT based power inverter module. The electro thermal and thermo-mechanical test was performed by real-time application with dSPACE system. The case studies included a fixed and adjustable switching frequency of operation derived in [11] . The results were used to define total lifetime consumption (TLC) for the IGBT wire bonds.
The paper starts by state of art of the thermo-mechanical and electro thermal models for and recalling the proposed switching frequency adjusting technique in Section 2. In Section 3, experimental set up and critical assessments of the lifetime analysis are demonstrated and results are compared with the performance of conventional method. Conclusions are depicted in final section.
DC-AC inverters: function and operating methods
Inverters are needed to convert DC outputs of batteries or photovoltaic systems into an AC output voltage at desired frequencies and amplitudes. They mainly depend upon semiconductor switching devices such as insulated gate bipolar transistors or thyristors etc. These devices are derived by switching patterns such as square, sinusoidal pulse width modulation (SPWM) or space vector modulation (SVM) techniques; hence, although the output voltage waveforms of inverters should be sinusoidal, the waveforms of practical inverters are non-sinusoidal and contain certain harmonics. Their power loss characteristics also vary based on the type of the switching method used. Switching losses are affected by the driving frequency and the type of the switching method [11] . These losses are one of the main causes of the heat occurring on the inverters which cause high temperature profiles on these devices during operation. The conventional SPWM and variable frequency based proposed method to decrease the power losses are discussed in the following sections.
Sinusoidal pulse width modulation (SPWM) driving method
In SPWM, the generation of gating signals for a three phase DC-AC inverter with sine PWM are shown in Fig. 3 . There are three sinusoidal reference waves (V a , V b , V c ) each shifted by 120°. A triangular carrier wave (V T ) is compared with the reference signals to produce the gating signals. The process is based on a constant switching frequency operation with the frequency modulation ratio (m f ) is defined as the ratio between frequency of triangular signal (f T ) and frequency of modulated sinusoidal signal (f m ) which is used to modulate the switch duty ratio. In this study, a modified version of SPWM was proposed for a variable frequency operation and implemented in dSPACE RTI as explained in the following section.
Variable frequency driving method
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